Although Bi-Ag sulfi des often occur in many types of hydrothermal Au-Ag ore deposits, their stability and phase relationships are insuffi ciently quantifi ed. We employed the electromotive force (emf) method to measure the thermodynamic properties of pavonite (AgBi3S5) and matildite (AgBiS2), which are the two main ternary mineral phases in the Ag-Bi-S system. These new results, coupled with a critical analysis of literature data, allow generation of a consistent set of thermodynamic values in the Ag-Bi-S system. The recommended standard values at 25°C and 1 bar of the Gibbs free energy of formation from the elements, enthalpy and entropy are −227.12 ± 4.33 kJиmol −1 , −223.05 ± 4.03 kJиmol −1 , and 386.67 ± 5.84 Jиmol −1 иK −1 , respectively, for pavonite, and −90.88 ± 1.73 kJиmol −1 , −86.47 ± 1.63 kJиmol −1 , and 178.16 ± 2.40 Jиmol −1 иK −1 , respectively, for matildite. The new thermodynamic data can be used for quantifying phase equilibria in the Ag-Bi-S system, predicting the solubilities of Bi and Ag in the ore-bearing hydrothermal fl uids and constraining temperature (T) and sulfur fugacity (fS 2 ) of ore deposition. It is shown that the stability fi eld of AgBiS2 (matildite) in T-fS 2 coordinates of the Fe-Ag-Bi-S system is narrow and thus can be used for constraining the temperature and sulfur fugacity of formation of Ag-Au-Bi ore mineral assemblages involving matildite.
Introduction
Sulfosalts of silver and bismuth have attracted the attention of geochemists and economic geologists for a long time as important sources in hydrothermal-magmatic ore deposits. These minerals occur in deposits of different genetic types such as Sn-W zone polymetallic (with Au-Ag, Pb-Zn, Zn, Cu-Zn, Cu, and Sn-W zones) vein-like deposits (e.g., Ikuno mine, Hyogo Prefecture, Japan; Shimizu and Kato, 1996; Shimizu et al., 1998) , skarns (e.g., Ocna de Fier-Dognecea ore fi eld, Banat, Romania; Ciobanu and Cook, 2004) , greisens (e.g., Kalguty complex, Gorny Altai, Russia; Potseluev et al., 2006) , granite-hosted Ag-Sb deposits (e.g., Pamir, Tajikistan; Pavlova and Borisenko, 2009) , and hydrothermal As-Bi veinlike deposits (e.g., Nakdong mine, South Korea; Shin et al., 2004) . Recent studies show that gold occurrence is genetically linked with Bi mineralization (e.g., Skirrow and Walshe, 2002; Törmänen and Koski, 2005; Oberthür and Weiser, 2008; Ciobanu et al., 2010) . It is well known that gold and silver form a continued solid solution. Thus, thermodynamic data for minerals in the Ag-Bi-S system may be helpful for our understanding of Au scavenging by Bi and its sulfi de minerals and melts in gold deposits (e.g., Tooth et al., 2008 Tooth et al., , 2011 . At present, however, the role of silver in this process is ignored. Detailed understanding and modeling of the formation of deposits of Ag-Bi and associated metals, require, in a fi rst step, accurate and reliable data on thermodynamic properties of Ag-Bi sulfosalts. In particular, fi nding equilibrium mineral assemblages involving these characteristic solid phases in ores may help to constrain temperature, sulfur content, and redox conditions of ore deposition from a metal-bearing fl uid (e.g., Craig and Less, 1972; Craig and Barton, 1973) .
The available phase diagrams and thermodynamic properties of minerals in the binary Ag-S, Bi-S, and Ag-Bi systems are well constrained to date (see reviews of Sharma and Chang, 1986; Lin et al., 1996; Karakaya and Thompson, 1993 , respectively, and compilations of Robie and Hemingway, 1995; and Barin, 1995) . The phase relations in the ternary Ag-Bi-S system have been a subject of a number of experimental studies (van Hook, 1960; Craig, 1967; Kovaleva and Chukov, 1975; Gather and Blachnik, 1980) . Based on these works, the ternary phase diagram of the system and its pseudobinary Ag2S-Bi2S3 section are depicted in Figures 1 (Craig, 1967; Gather and Blachnik, 1980) . Points represent the composition of the stoichiometric pure phases, whereas solid lines denote possible coexisting mineral assemblages. Note that above 343°C there is a change of the Ag-AgBiS2 equilibrium to the Bi-Ag2S equilibrium.
known as minerals. The mineral pavonite (AgBi3S5) is stable below the temperature of its incongruent melting of 732° ± 4°C (Craig, 1967) ; it belongs to a monoclinic system (lattice parameters: a = 1.3305 nm, b = 0.4042 nm, c = 0.6417 nm, β = 94.02°, Makovicky et al., 1977) . The compound AgBiS2 has two polymorphs below the temperature of its congruent melting of 801° ± 4°C (Craig, 1967) , a high-temperature cubic phase (a = 0.5648 nm) called shapbachite, and a lowtemperature hexagonal phase (a = 0.407 nm, c = 1.906 nm), called matildite. Table 1 summarizes the available data on the temperatures of solid-phase transitions between the different minerals in the Ag-Bi-S system. It can be seen that the data exhibit large variations among the published studies. For example, the temperature of the shapbachite-matildite equilibrium varies from 215°C (Kovaleva and Chukov, 1975) to 289°C (Gather and Blachnik, 1980) . Similarly, the currently available thermodynamic data on these minerals (Bryndzia and Kleppa, 1988; Babanly et al., 1992; Schmidt et al., 1998 Schmidt et al., , 1999 are incomplete and controversial. For example, the reported values of standard enthalpy of formation of pavonite vary by more than 10 kJиmol −1 (see Table 2 ). The uncertainties on reported thermodynamic values are often not reported or evaluated in previous studies. These discrepancies prohibit reliable estimations of the stability domains of these minerals and their formation conditions in natural systems. The composition of natural Ag-Bi sulfosalts is further complicated by large compositional variations due to the presence of CuS and PbS components in matildite (Damian et al., 2008) and by the formation of a pavonite-galena homologous series (Makovicky et al., 1977; Ciobanu and Cook, 2000; Moëlo et al., 2008) . Understanding their formation conditions and compositions requires, fi rst of all, robust thermodynamic data on their Ag-Bi end members.
In this paper, we report new electromotive force (emf) measurements of phase equilibria for the stoichiometric synthetic phase in the ternary system Ag-Bi-S in the temperature range 30° to 130°C. These data allow derivation of a consistent set of thermodynamic properties of Ag-Bi sulfi des. They can be used for quantitative modeling of Ag-Bi ore formation and estimating temperatures and sulfur fugacities during the ore deposition. (van Hook, 1960; Kovaleva and Chukov, 1975; Sharma and Chang, 1986; Lin et al., 1996) . The vertical lines accompanied by chemical formulas indicate individual stoichiometrically pure phases, the grayed areas show solid solution regions and the melt (liquid). Temperatures of phase transitions are indicated according to Kovaleva and Chukov (1975) , but signifi cant discrepancies exist among published values (see Table  1 and the Introduction). Bryndzia and Kleppa (1988, 1989) 
Materials and Methods

Sample synthesis and characteristics
Experimental sample mixtures of Bi2S3 + AgBi3S5 + Bi and AgBi3S5 + AgBiS2 + Bi in molar ratios of 1.3:0.8:1.9 and 0.7:1.8:2.2, respectively, were synthesized in evacuated silicaglass ampoules from the elements S, Ag, and Bi. Metallic bismuth, obtained by zone melting, elemental sulfur (>99.9% purity) and metallic silver (>99.9% purity) were used as the reagents. Ampoules were annealed at 230°C for 50 d in a horizontal furnace heated by electrical resistances. This method produces samples consisting of thin and regular intergrowths of the phases, suggesting that equilibrium among them has been attained. Figure 3 shows an optical microscopy image of the sample after experiment VM193. Powder X-ray diffraction confi rmed the presence of Bi, Bi2S3, AgBi3S5, and AgBiS2 (JCPDS cards 44-1246, 84-0279, 42-0539, and 24-1031, respectively) .
Preparation of electrodes and cell design
The mixture of phases was ground in an agate mortar. The measuring electrodes were prepared by mixing sulfi des with Rb-Ag iodide (RbAg4I5) serving as the ground electrolyte (35 wt % of the total mixture). The resulting sample presented a fi nely dispersed mixture of sulfi des and electrolyte. In some cases, graphite was also added to the mixture (15 wt % of total mass) to improve the electrical contact. In that case, the sample presented a layered structure, according to the sequence of fi lling the mold: the fi rst layer contained the phase assemblage under investigation and the solid electrolyte, the second layer-only the Ag-Bi-S phases, and the third layer-the same phase assemblage plus graphite Then this layered sample was pressed into a pellet of 6 mm in diameter and 3 to 6 mm in thickness using a manual press under a load of 2 to 2.5 tons. The reference electrode was made of metallic silver (>99.9 wt % purity) rods of 6 mm in diameter and 2 to 3 mm in height, which were annealed at 600°C for 5 min in air. The inert electrodes with a diameter of 6 mm and a height of 6 to 12 mm were made from a rod of spectrally pure graphite. Flat working surfaces were polished to a mirror shine to improve the electrical contact. The solid-state galvanic cell used in this study (Fig. 4 ) was similar to those described in detail by Voronin and Osadchii (2011) . Because of the relatively low temperature of the melting point of bismuth (271.4°C) in the sample system complicating measurements above, it is optimal to perform emf measurements using RbAg4I5 as a solid electrolyte and a silver reference electrode. The sequence of electrodes is shown in an insert of Figure 4 . The measuring and reference electrodes were separated with solid-state RbAg4I5 electrolyte, fi nely ground and pressed in pellets. The cell holder was made of a silica glass tube with an inner diameter of 6.5 mm. The assembly was fi xed using mechanical stoppers and ceramic straws inserted into holes at the upper end of the cell holder. The sample was held in place with a spring that creates a weight of about 70 to 100 g on the cell's elements.
Phase reactions in the galvanic cells
In the solid-phase domain of the Ag-Bi-S system, multiple reactions can be realized in an electrochemical process with an Ag + -conducting solid electrolyte using the method of solidstate galvanic cell with a common gas space (Osadchii and Rappo, 2004) .
The following chemical equilibria take place in the reaction cells:
which is implemented in the electrochemical cell
where SE is the RbAg 4 I 5 solid electrolyte with an Ag + conductivity, and IE stands for the inert graphite electrode. Note that for the electrochemical processes above, the resulting emf values at equilibrium are independent of the initial quantities of each reagent in the sample.
Cell operation and emf measurements
Prior to the start of an experiment, the assembled cell, placed into the resistance furnace (Fig. 4) , was purged with argon at 20 cm 3 /min during 15 min, until complete removal of air. During the experiment, the fl ow rate of argon was maintained at 1 to 2 cm 3 /min. Measurements of electrical potential were performed using a universal multichannel computer system (Zhdanov et al., 2005) . Channels for the emf measurements had the input impedance of no less than 10 11 Ohm, to avoid the drop of potential in the outer measured circuit. The cell temperature was monitored by a chromel-alumel (K-type) thermocouple and maintained within ±0.15°C. Experiments were carried out by the "temperature titration" method (Osadchii and Rappo, 2004) , i.e., waiting for the attainment FIG. 3. An optical microscopy image in refl ected light of the Ag-Bi-S sample after experiment VM193 (SE = solid electrolyte, Bi = bismuth, pv = pavonite, mat = matildite). of a stable emf value at the given temperature. Values of emf were judged to attain equilibrium if they were not changing within more than 0.5 mV for at least 12 h. The measurements were carried out during heating and cooling cycles, using the method described in detail in Osadchii and Echmaeva (2007) . The following procedure was used to control the accuracy and reproducibility of the emf data. Initially, the cell was slowly heated to a certain temperature, typically 363 K. After a constant emf value was attained, the temperature was increased in 10-K steps to the maximum value and then decreased by 5-K and further down in 10-K steps to the minimum temperature. Then, the temperature was increased again by 5-K and raised in 10-K steps back to 363 K. As a result, all data points taken every 5 K, both on cooling and heating, and the adjacent points were separated one from another by a signifi cant period of time. The good reproducibility and reversibility of the emf value in measurements up and down is a strong argument that the chemical equilibrium was attained in our experimental systems. The highest temperature of our measurements was intentionally limited to ~400 K (see Appendix), because of the increasing instabilities in emf values above that temperature. It should be stressed, however, that the high accuracy and reproducibility of our measurements below 400 K largely compensates for the relatively narrow temperature range of measurements and allow accurate derivation of reaction thermodynamic parameters as will be shown below.
Results
The equilibrium emf values as a function of temperature obtained in cells (A) and (B) are reported in the Appendix and shown in Figure 5 . The emf data for reactions (1) and (2) are presented in the form of a linear dependence of the emf (E, mV) versus absolute temperature (T, K), which is a reasonable approximation for most solid-state reactions within the relatively narrow temperature interval exploited in this study: 
where k stands for the number of experimental points, and R 2 is the coeffi cient of correlation of the linear regression. The uncertainties are given at the 2σ confi dence interval; they stem from those of emf variation and reproducibility at a given temperature, and those related to the least-square linear regression. The obtained emf values allow derivation of the standard thermodynamic properties of the studied reactions, using the following fundamental equations for the Gibbs free energy, entropy, and enthalpy:
where n = 3 is the number of electrons in reactions (1) and (2); n = 2 in reactions (8) and (9) The standard thermodynamic properties at 25°C and 1 bar of the solid phases in the Ag-Bi-S system from the present study and published work are summarized in Table 2 , and the coeffi cients of the temperature dependence of the Gibbs free energy of formation from the elements (ΔfGT = a + bиT) for pavonite and matildite, convenient for practical use in geochemical calculations, are reported in Table 3 .
Comparison with Literature Data
The new values generated in the study are compared to the existing data below. Two studies were devoted to the determination of the thermodynamic properties of ternary phases in the Ag-Bi-S system by the emf method (Babanly et al., 1992; Schmidt et al., 1998 Schmidt et al., , 1999 . These measurements were carried out with RbAg4I5 as the solid electrolyte in the temperature range 20° to 100°C in the presence of native sulfur, corresponding to the following electrochemical reactions and cells:
and 2Ag + S + AgBi3S5 = 3AgBiS2,
The following emf values were reported for reaction (8):
E(C), mV = 285.855 + 0.134иT (Schmidt et al., 1998) , (10) E(C), mV = 215.62 + 0.252иT (Babanly et al., 1992) ,
and for reaction (9):
, mV = 133.11 + 0.3015иT (Schmidt et al., 1999) ,
E(D), mV = 168.17 + 0.24иT (Babanly et al., 1992) .
It can be seen in Figure 6 that emf values of these works differ signifi cantly from one another. Because reactions (8) and (9) were not measured directly in our study, for comparison with our own results, we recalculated the emf values above to the reaction:
and expressed the results as the Gibbs free energy of reaction (ΔrG) in Figure 7 . It can be seen that the data of Babanly et al. (1992) and Schmidt et al. (1998 Schmidt et al. ( , 1999 differ by more than a factor of two and exhibit opposite slopes for the ΔrG vs T dependence. The positive slope according to Schmidt et al. (1998 Schmidt et al. ( , 1999 indicates a decrease in the entropic contribution for reaction (14) with increasing temperature, while this contribution increases slightly according to Babanly et al. (1992) . Our ΔrG(T) data are closer to those of Babanly et al. (1992) . In the previous studies (Schmidt et al., 1998 (Schmidt et al., , 1999 (Schmidt et al., , 2000 it was found that the addition of graphite as a mechanical mixture with sulfur in cells (C) and (D) is likely to improve the electrical contact but to exert a signifi cant effect on the measured emf values. This may lead to a systematic increase of emf without attaining a steady state, in contrast to the present work. Thus, it is likely that such a procedure is not suitable for the determination of the thermodynamic properties of a reaction. It should be emphasized that our FIG. 5. Experimental emf values (in mV) vs. absolute temperature (in K), obtained in this study for reactions (1) and (2). The symbols represent experimental data points at each temperature at equilibrium, whereas the straight lines show the linear regression of these data according to equations (3) and (4), respectively. (8) and (9) according to literature data (Babanly et al., 1992; Schmidt et al., 1998 Schmidt et al., , 1999 . model system represents a mechanical mixture of phases with bismuth (cells (A) and (B)), which has suffi cient electronic conductivity and there is no direct contact of graphite with the electrolyte.
The standard thermodynamic properties of the investigated phases are reported in Table 2 . Because previous authors used different and sometimes poorly referenced sources for the thermochemical properties of Bi2S3, to allow comparison with our own data and maintain the consistency, we recalculated the thermodynamic properties from their emf values using the data of elements and Bi2S3 from Robie and Hemingway (1995) . It can be seen that the absolute ΔfG o and ΔfH o values for AgBiS2 are similar in this and previous studies (Babanly et al., 1992; Schmidt et al., 1998 Schmidt et al., , 1999 ; however this agreement is only apparent because the calculations are based on reaction (9) involving AgBi3S5 for which larger discrepancies exist. It can be seen in Table 2 that the Gibbs free energy values of AgBi3S5 differ by ~ 4 kJиmol −1 in the different studies. This discrepancy corresponds to a difference of almost one order of magnitude for Ag concentration in an aqueous fl uid in equilibrium with the AgBi3S5-Bi2S3 assemblage. Our ΔfH o values for both Ag-Bi sulfosalts investigated are in agreement within errors with those from original calorimetric measurements of Bryndzia and Kleppa (1988) and their later compilation by Bryndzia and Kleppa (1989) .
Geologic Implications and Conclusions
For geologic applications, plots in the log fS 2 (T −1 ) coordinates are convenient. In Figure 8 , the stability domains of compounds in the Ag-Bi-S system are calculated using the thermodynamic data generated in this study. An interesting observation from this fi gure is a well-defi ned and pretty narrow fi eld of the stability fi eld of matildite. This feature may be used to determine the temperature of the formation for mineral assemblages involving matildite. For example, for the association of matildite with monoclinic pyrrhotite and pyrite, the equilibrium temperature can be constrained to be 440 to 460 K (~170°−190°C). Additionally, if the formation temperature of malildite is known from other independent data, sulfur fugacity may be accurately constrained in equilibrium with matildite-bearing sulfi de assemblages. For example, chemical equilibrium calculations using the HCh program (Shvarov, 2008) show that a temperature of 180°C would correspond to an fS 2 fugacity of 10 −17 (Fig. 8) , which is equivalent to 6.3и10 −5 m H2S in the fl uid phase (at pH <6) in equilibrium with matildite, assuming an oxygen fugacity fi xed by the nickel-nickel oxide redox buffer. More detailed use of Ag-Bi sulfi de minerals as indicators of sulfur fugacity, redox or temperature conditions in a given natural case awaits careful petrographic studies of mineral formation sequences and equilibrium relationships in sulfi de ores, coupled with independent information on T-P and fl uid composition from fl uid inclusions, mineral geothermo-and barometers, and stable isotopes.
The emf technique is proven to be a powerful and accurate method, which can now be used for determining thermodynamic properties of many other complex sulfi de and sulfosalt minerals like Au-Bi sulfi des, Au-Ag selenides and tellurides, which may be important hosts of gold and silver in hydrothermal deposits. FIG. 7 . Comparison of the change of Gibbs free energy (ΔrG(T)) of reaction (14) in cells (E) and (F) from this study and literature sources.
FIG. 8. Phase diagram in the Ag-Bi-S system as a function of the logarithm of sulfur fugacity and the reciprocal of absolute temperature, generated using the data obtained in the present study. The grayed narrow fi eld corresponds to AgBiS2. The monoclinic pyrrhotite-pyrite equilibrium is also shown. The Fe0.875S-FeS2, Ag-Ag2S, and Bi-Bi2S3 equilibria are calculated using thermodynamic properties for the corresponding phases from Robie and Hemingway (1995) , combined with the temperature dependence of Gibbs free energy of Bi2S3 from Barin (1995) . 
APPENDIX
